INTRODUCTION
Parenchymal cells nearest the sinusoidal inflow of the liver acinus are termed periportal (or zone-1) hepatocytes, whereas those nearest the sinusoidal outflow are termed perivenous (or zone-3, or centrilobular or pericentral) hepatocytes. The distinction between periportal and perivenous hepatocytes is made not on anatomical grounds but on the basis of their biochemical, morphological and functional heterogeneity. Thus, periportal and perivenous hepatocytes differ in their cellular constituents and, as a result of differences in enzyme content, carry out different metabolic functions. For example, gluconeogenesis, ureagenesis and amino acid uptake and degradation are preferentially located in periportal hepatocytes, whereas glycolysis and glutamine synthesis are preferentially located in perivenous cells (for reviews, see [1] [2] [3] [4] [5] ). In most cases, this results in a gradient of marker enzymes for particular metabolic functions across the acinus. However, in some cases, a particular metabolic function is restricted to a single acinar location (e.g. glutamine synthesis is confined to perivenous hepatocytes [6] ).
Several different techniques have been used to study hepatocyte heterogeneity. Histochemistry [7] , immunohistochemistry [8] , histoautoradiography [9] and hybridization in situ [10] of liver sections all yield information on the acinar location of cellular components, but do not allow functional studies. Kinetic analysis of histochemical reactions by microscope photometry does allow the quantification of enzyme activities within different acinar zones [I1] . Similarly, the use of miniature electrodes allows functional heterogeneity to be studied in intact livers [12] .
up to 72 h, whereas the ratios for MDH and GDH decreased and increased respectively towards unity. Band-I hepatocytes exhibited greater cytotoxicity than band-5 cells after incubation with carbon tetrachloride or paracetamol. These perivenous-selective toxins produced greater decreases in cell viability and greater release of ALT and LDH from band-I hepatocytes than from band-5 hepatocytes. Conversely, band-5 hepatocytes were more susceptible than band-I hepatocytes to the cytotoxic effects of 1- naphthylisothiocyanate and methotrexate (known periportalselective toxins). It is concluded that band-5 hepatocytes are enriched in periportal cells, whereas band-I hepatocytes are enriched in perivenous cells. Isolation of hepatocyte subpopulations by Percoll density-gradient centifugation has the considerable advantage that periportal and perivenous cells can be obtained from the same liver.
Microdissection of freeze-dried liver sections provides only minute amounts of tissue from defined acinar locations [13] . Most functional studies have been performed on tissue/cells after selective zonal damage. Thus, pretreatment of animals with a perivenous toxin (e.g. carbon tetrachloride [14] ) leaves functional periportal hepatocytes, which can be subsequently isolated by collagenase perfusion. Similarly, pretreatment with periportal toxins (e.g. allyl alcohol [15] ) leaves functional perivenous cells. Alternatively, periportal destruction can be achieved by shortterm antegrade infusion of digitonin to perfused livers, whereas retrograde infusion results in perivenous destruction. Perivenous and periportal hepatocytes can then be isolated from the remaining undamaged zone by collagenase perfusion in the opposite direction to that of digitonin [16] [17] [18] . Retrograde/ antegrade perfusion of intact livers without selective zonal damage has been used successfully to study heterogeneity in ammonia metabolism [19] .
In this paper we report on the separation of periportal and perivenous hepatocytes by Percoll density-gradient centrifugation. Such 50 i.u./l penicillin and 50 ,ug/ml streptomycin at a density of 106 cells/ml. Portions (2 ml) were seeded on to 25 mm Thermanox coverslips in six-well plates and cultured in a humidified incubator at 37 'C with 5 % (v/v) CO2 in air. After 3-4 h, the medium was replaced with 2 ml of Williams E medium as described previously, except that foetal-calf serum was omitted. The medium was then replaced every 24 h.
For enzyme assays, hepatocyte monolayers were 'dunk'-washed three times in PBS, pH 7.4, and placed into a clean well. Hepatocytes were removed by adding 1.5 ml of solubilizing agent [0.90% NaCl/0. 1 % (v/v) Triton X-100] and scraped off with a rubber 'policeman'. Samples were then homogenized with a hand-held Potter-Elvehjem homogenizer and stored at 4°C until assayed (within 24 h).
Application of cytotoxic compounds to hepatocyte cultures After 24 h in culture, the medium was replaced by one containing the cytotoxic compound. Carbon tetrachloride, paracetamol and methotrexate were dissolved directly in Williams E medium, whereas 1-naphthylisothiocyanate was dissolved initially in dimethyl sulphoxide and diluted serially into Williams E medium such that the solvent accounted for < 1 % of the total volume added to the wells. An equal volume of dimethyl sulphoxide was added to control cultures. After culturing the hepatocytes for a further 24 h, the medium was removed and assayed for LDH and ALT.
Viability of cultured cells was assessed by measuring the production of tetrazolium from 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) by dehydrogenases in intact mitochondria [24] . After exposure to the cytotoxic compounds for 24 h, the medium was replaced by 1 ml of 0.5 mg/ml MTT in PBS, pH 7.2, and the hepatocytes were incubated at 37°C for a further 4 h. The reaction was terminated by addition of 1 ml of propan-2-ol containing 40 All enzyme assays were carried out at room temperature, except for GS, which was at 37 'C. LDH [26] , MDH [27] and GDH [28] were assayed in the direction of NADH oxidation. ALT [29] and PK [30] were assayed by using LDH-linked coupled reactions in the direction of NADH oxidation. (Because of its instability, PK was assayed immediately after homogenization ofcells.) GS was assayed by monitoring the production of glutamyl hydroxamate from glutamate and hydroxylamine [31] . Enzyme 
RESULTS

Hepatocyte distribution on Percoll density gradients
When centrifuged on shallow discontinuous Percoll density gradients, viable hepatocytes routinely produced five bands of cells. The distribution of these hepatocyte subpopulations is shown in Table 1 , and was constant irrespective of the starting viability of the cell preparation. Bands are numbered sequentially from the subpopulation of least density (band 1, p = 1.07 g/ml) to.the subpopulation of greatest density (band 5, p = 1.09 g/ml); this nomenclature is used throughout this paper. All bands contained > 10 % of the total hepatocytes recovered, and band 4 contained the largest number of cells (Table 1) .
LDH, MDH and ALT (marker enzymes for periportal hepatocytes) were found in highest activity in the most dense subpopulation of hepatocytes (band 5). Indeed, there was a gradual increase in the cellular activity of these enzymes from band 1 to band 5, and this was most marked with ALT ( Figure  la) . In contrast, GDH, PK and GS (marker enzymes for perivenous hepatocytes) were found in highest activity in the least-dense subpopulation of hepatocytes (band 1). GDH and PK showed a gradual decrease in activity from band 1 to band 5, whereas GS was almost exclusively localized to band-1 cells, with very little activity present in denser hepatocyte subpopulations (Figure lb) .
Hepatocytes isolated from rats previously starved for 24 h banded over a slightly lower density range, with the uppermost band of cells occurring at 1.065 g/ml compared with 1.07 g/ml for hepatocytes from fed rats. The distribution of the activities of the periportal and perivenous marker enzymes was similar to that for hepatocytes from fed rats (results not shown).
Marker enzymes in cultures of band-1 and band-5 hepatocytes Cellular activities of MDH and ALT were well conserved in both band-I (Figure 2a ) and band-5 ( Figure 3a ) hepatocytes maintained in culture for up to 72 h. Similarly, GS activity was maintained (or even increased) in cultures of band-I hepatocytes ( Figure 2b) ; very little GS activity was detected in cultures of band-5 hepatocytes (Figure 3b ). GDH activity in band-I hepatocytes declined to 55 % of its original activity after 72 h in culture (Figure 2b ), but was conserved in band-5 hepatocytes ( Figure   3b ). Cellular activities of PK and LDH declined to < 40 % of their original activities in cultures of both band-I and band-5 hepatocytes (Figures 2c and 3c) . When expressed as band-5:band-I ratios, it is clear that the enzyme gradients in the hepatocyte subpopulations were gen- erally conserved after 72 h in culture, although some loss of differentiation occurred (Figure 4 ). Thus the band-5: band-I ratios of PK, LDH and ALT were conserved, although the ratios of LDH and ALT did decrease by approx. 25 % after 72 h in culture. In addition, GS activity was detected only in band-I hepatocytes during culture, giving a band-5: band-I ratio of zero. However, after 72 h in culture, the band-5: band-I ratios of MDH and GDH had decreased and increased respectively towards unity. After 24 h in culture, GDH was the only marker enzyme studied to lose completely its differentiated band-5: band-1 ratio ( Figure 4) ; thus, all subsequent studies were restricted to hepatocytes cultured for 24 h only.
Effects of cytotoxic agents on band-1 and band-5 hepatocytes
As assessed by the MTT assay, carbon tetrachloride (a known perivenous-selective toxin) significantly decreased cell viability at concentrations greater than 10 ,ug/ml ( Figure Sa) . Carbon tetrachloride consistently decreased the viability of band-I hepatocytes to a greater extent than that of band-5 hepatocytes; indeed, this was significant at concentrations of 100 and 300 ,/g/ml Band-I hepatocytes were also more susceptible to the cytotoxic effects of paracetamol, another perivenous-selective toxin. Band-1 hepatocytes showed greater paracetamol-induced decreases in viability and greater LDH and ALT release than did band-5 hepatocytes (results not shown).
I-Naphthylisothiocyanate (a known periportal-selective toxin) produced consistently greater toxicity towards band-5 hepatocytes compared with band-I hepatocytes. Thus the viability of band-5 hepatocytes was lower than that of band-I hepatocytes at all concentrations of 1-naphthylisothiocyanate studied ( Figure   6a ). In addition, the release of LDH and ALT into the culture medium was significantly greater from band-5 hepatocytes than from band-I hepatocytes (Figures 6b and 6c) .
Similarly, methotrexate (another periportal-selective hepatotoxin) released greater activities of LDH and ALT from band-5 hepatocytes than from band-I hepatocytes (results not shown). 
DISCUSSION
Fractionation of rat hepatocytes on iso-osmotic density gradients of metrizamide [32] or Percoll [33] [34] [35] produces subpopulations in which the cells of lowest density show characteristics consistent with a perivenous location, whereas those of highest density correspond to periportal cells. However, in those studies, the acinar identification of hepatocytes was based primarily on morphological evidence, with only a few enzymes used as zonal markers. For example, both Tonda et al. [33] and Sancho-Tello et al. [34] , who produced six subpopulations of hepatocytes ranging in density from 1.07 to 1.11 g/ml, reported shallow gradients of only ALT, GDH and 5'-nucleotidase through the hepatocyte subpopulations. Periportal: perivenous ratios for ,t00 80 Figure 1 confirm that high-density (band-5) hepatocytes are enriched in periportal cells, whereas low-density (band-1) hepatocytes are enriched in perivenous cells. Thus MDH, LDH and ALT showed gradients of increasing activity from band-I to band-5 hepatocytes which are consistent with the preferential localization of oxidative metabolism, gluconeogenesis and ureagenesis in periportal hepatocytes. In contrast, GDH and PK showed gradients of increasing activity from band 5 to band 1. Similar activity gradients for PK have been reported [2, 3] , and are consistent with the preferential localization of glycolysis in perivenous cells. However, immunohistochemical methods have shown GDH to have a U-shaped distribution across the acinus; highest concentrations are present in perivenous cells, and to a lesser extent in periportal cells, whereas lowest concentrations exist in the intermediate zone [36] . The gradient-type distribution of GDH activity seen in Figure 1 contrasts with this, and suggests that bands 1-5 do not simply represent successive cell populations derived from across the acinus.
Of all the marker enzymes studied, GS was the most indicative of the acinar localization of the hepatocyte subpopulations. GS did not show an activity gradient through the hepatocyte fractions; rather, its activity was almost entirely restricted to band-1 hepatocytes, with only very small activities in denser hepatocyte subpopulations (Figure 1) . It is well known that both GS activity [6] and its mRNA [10] are confined to the two or three cell layers around the hepatic venule, which account for 6-7 % of total hepatocytes. Thus a gradient-type distribution would not be expected. Indeed, since band-1 hepatocytes constitute 15 % of total hepatocytes (see Table 1 ), it is likely that approx. 500% of this subpopulation are GS-positive (perivenous) cells.
The band-5: band-I ratios for the marker enzymes used in this study show relatively close agreement to reported periportal: perivenous ratios obtained by other methods (see Table 2 ). However, it is noteworthy that periportal: perivenous ratios Table 2 Comparison of band-5:band-1 ratios for marker enzymes in hepatocyte subpopulations separated on shallow discontinuous Percoll density gradients with reported periportal:perivenous ratios Band-5:band-1 ratios are derived from the data presented in Figure 1 (Table 2) . It has been shown in guinea-pig liver that the cytosolic activities of some enzymes (e.g. ALT, phosphoenolpyruvate carboxykinase) are higher in periportal than in perivenous hepatocytes, whereas their mitochondrial activities are similar in both cell populations [46] . The inclusion of 0.2 % (w/v) Triton X-100 in the buffer used to homogenize the hepatocyte subpopulations before enzyme assay ensured that total enzyme activities were measured. Thus it is doubtful that the highly discriminatory band-5: band-I ratios reported here resulted from only assaying cytosolic activities. In addition, in the case of ALT, only 10-30 % of its activity in rat liver is present in mitochondria [47] .
All hepatocytes contain the same genetic information regardless of their location within the acinus. The physiological position of the liver within the circulation is not a major determinant of zonation of gene expression [48] . Rather, gradients of oxygen, substrates and hormones across the acinus, together with differences in sympathetic and parasympathetic innervation, are believed to be primarily responsible for the heterogeneity of gene expression which leads to heterogeneity in metabolic function [5] . It might therefore be expected that culturing band-5 (periportal) and band-I (perivenous) hepatocytes under identical conditions would lead to a loss of their differentiated function. Although Figure 4 does show some loss of differentiated enzyme activity during culture, this was modest. The differentiated activities of GS and PK were maintained after 72 h in culture, whereas those of MDH and GDH were totally lost and those of ALT and LDH were decreased, but still evident.
Other authors have reported the maintenance of periportal/perivenous differences in culture. For example, the periportal/perivenous differences in ureagenesis persist for 5 days when hepatocytes are cultured under identical conditions [391. However, it must be remembered that, in addition to a modest loss of differentiated enzyme activity, the total activity of some enzymes declined with time in culture (see Figures 2 and 3) . Thus, all further work utilizing hepatocyte subpopulations was restricted to cells cultured for 24 h or less, when their differentiated functions would be expected to be best preserved.
In the present study, a novel method for determining the acinar localization of hepatocytes has been used, namely sensitivity to zone-selective toxins. Carbon tetrachloride is a wellknown perivenous-selective toxin [49] . Thus the observation that carbon tetrachloride exerted greater cytotoxicity towards cultures of band-I hepatocytes further suggests that this subpopulation is enriched in perivenous cells. Carbon tetrachloride-induced hepatocellular injury is believed to depend on the acinar distribution of cytochrome P-450 isoenzymes and sinusoidal oxygen gradients [50] . The fact that carbon tetrachloride produced differential cytotoxicity towards band-I and band-5 hepatocytes cultured under identical oxygen partial pressures suggests that differences in cytochrome P-450 activity are more important. However, it must be remembered that the cytochrome P-450 content of freshly isolated and 24 h-cultured rat hepatocytes is substantially different [51] .
Different patterns of cytotoxicity were also observed with other hepatotoxins. Thus paracetamol, a known perivenousselective toxin [52] , produced greater cytotoxicity in band-l cells.
In contrast, two periportal-selective toxins, 1-naphthylisothiocyanate [53] and methotrexate [54] , caused greater cytotoxicity towards band-5 hepatocytes. These results are consistent with the identification of band-I and band-S hepatocytes as being enriched in perivenous and periportal cells respectively.
It is highly likely that many differences in cellular composition contribute to the small differences in density between periportal and perivenous hepatocytes. Although glycogen is synthesized preferentially from gluconeogenic precursors in periportal hepatocytes and from glucose in perivenous hepatocytes [3, 55] , differences in glycogen content are not responsible for differences in cell density. Thus, hepatocytes from starved rats could still be separated on the basis of density, and Bengtsson et al. [32] , when separating hepatocytes on gradients of metrizamide, used cells from starved rats. Hepatocellular water content (and hence density) is, to some extent, determined by the activity of various substrate transport systems [56] . Since many of these transporters (e.g. amino acids, 2-oxo acids) show heterogeneity across the acinus [40] , it is possible that this contributes to density differences. In addition, ultrastructural differences between periportal and perivenous hepatocytes are known to occur. For example, periportal hepatocytes contain larger but fewer mitochondria, resulting in a greater mitochondrial volume, whereas perivenous cells contain a larger proportion of smooth endoplasmic reticulum [57]; such differences probably influence hepatocyte density. Ploidy differences may also contribute to density differences. The frequency of mononucleate tetraploid hepatocytes increases from band 1 to band 5, whereas that of mononucleate diploid cells increases from band 5 to band 1 [20] . Binucleate cells are distributed equally throughout the bands [20] .
In conclusion, the present data show that rat hepatocytes can be separated into several subpopulations on shallow discontinuous Percoll density gradients. On the basis of enzyme activities and susceptibility to zone-selective toxins, the most and least dense subpopulations resemble closely periportal and perivenous hepatocytes respectively. Although this method is more time-consuming than the digitonin/collagenase technique, it does produce more highly differentiated hepatocytes. In addition, it has the considerable advantage that periportal and perivenous hepatocytes can be obtained from the same liver for subsequent use in functional studies.
